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ABSTRACT

Interstellar Formaldehyde and Silicon Monoxide
in Ultra-Dense Clouds '

Marc Leslie Kutner

The first part of this dissertation reports the discovery of the
140. 8-GHz, 111—212 and 150. 5-GHz 110-2‘]_1 rotational transitions of

ortho-formaldehyde and the 146. 6-GHz 10 1-‘202 transitién of para:
formaldéhyde in the Orion Nebula. All lines were obs erved in
emission. The 140.8-GHz line was mapped over a regiqu 3'x 5! 1n
the direction of the Kleinmann- Low IR nebula. Itis argued that the
excitation is due to collisions with neutral particles, whose density
is calculated to be ~ 2 x 105 cm 3, yielding a total mass Qf ~200 MO
for the Kleinfnann- Low nebula which is argue.d to be the ceﬁtral- con- -

densation of this cloud. The 140.8-GHz line Waé also detected in the

direction of Sgr A, W3 (OH), W51, DR21 (OH) and NGC 2024.

The detection of weak 6-cm HZCO absorption over much of the

Orion Nebula is also reported. Because the line shows no correla-
tion with the 6-cm continuum, it is attributed to "anomalous"

absorption by H,CO behind the H II continuum source. In the direc- -

2
tion of the Kleinmann-Low IR nebula the line appears self- reversed,

with an emission core of about 0.1 K that is ider_ltified with the

2-mm HZCO emission in that direction. It is suggested that the



6-cm emission is a consequence of collisional quenching of the

""anomalous'" pumping mechanism.

The last section of this dissertation reports the detection of line

.emission attributed to the 130, 246-GHz, J = 3 o 2 rotational transi-

o ~ tion of silicon monoxide (SiO) in the direction of the source Sgr B2.

The line was sought but not found in a number of other sources.
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CHAPTER I

INTRODUCTION

The study of interstellar molecules has experienced explosive4
gr.owth in the past three years. Observations of the radio lines of
interstellar molecules began with the discovery of OH (Weinreb et al.
1963)‘. The first discoveries of polyato‘rnivc molecules - NH'3. and HZO
(Cheung et al. 1968; Cheung et al. 1969) - initiated the rapid“d_evel_.
opmeﬁt in this field. To date, over twenty molecules have been -
discovered ';n the interstellar medium, and it has ﬁow become clear
that apart from questions of their formation, interstellar molecules
are of considerabl.e significance since their lines provide an impor-

tant tool for the study of many classical astronomiczal problems (cf.

Rank, Townes and Weléh 1971).

One reason that no serious search was made for interstellar
po_lyatomié molecules prior to 1968 was that observations implied an
OH abundance down by a factor of 10-6 from théf of hydrogen,
possibly indicating a small probability of fihding observable quanti-
ties of more complex molecules. Also there was a tendency to think
in terms of ""standard'' interstellar H I clouds (cf. Spitzer 1968)
whose density is ~ 10 cm-3 and where the visual extiniction is less |
than one magnitude. In such clouds the lifetime against photodisso- -

ciation of molecules is quite short — typically less than 100 years —



and it is noteworthy that polyatomic molecules have not yet been
found in these regions. However, molecules have begn found in
‘regions of high density and presumably high opacity.

Current pr;)gress in this field largely results from the
development of sensitive radio receiveré, particularly in the 2 -
.4 mm waveleﬁgth region. The millimeter region has also
become particularly fruitful for the discovery of new molecules and
for the study of regidns of high density. The first intersteilar
molecular line discovered in this spectral range was the 2. S-mm
transition of carbon monoxide (Wilson, Jefferts and Penzias 1970),
which has been found to be so intense and widespread that its
* Importance as a gengral tool for the study of H'I regions and galac-
tic structure may uli:imately surpass that of the 21-cm line, its
advantages being the ability to determine opacities from observa-
tions of isotopic species and the high angular resolultion which can

be obtained with moderate-~sized antennae.

A molecule of considerable interest is formaldehyde (H_CO),

2
which surveys have shown to be very -abundant in the Galaxy
(Zuckerman et al. 1970; Whiteoak and Gardner 1970; Gardner and
Whiteoak 1970; Scoville, Solomon and Thaddeus 1972). It has a
‘number of observable transitions. in both the céntimeter and milli-

meter regions of the spectrum and exhibits a non-equilibrium

pumping phenomenon, which, unlike the OH and HZO masers,



appears over extended regions. The HZCO rotational energy levels
(Figure 1) are those of a hearly symmetric rotor with levels for

|K| > 0 split into K-type dot;blets. Because of the spin of the hydro-
gen nuclei; formaldehyde is divided. into ortho (K odd) and para (K
even) spécies between which radiative and collisional tran'Sitions are |
so strongly forbidden that in interstellar space ortho and para formal-

dehyde can virtually be considered distinct molecules.

Formaldehyde was first discovered in the interstellar medium

1 - v . - - -
11 110 transition in absorp

by the dgtection of the 4. 83-GHz (~ 6 cm)
tion against galactic continuum sources (Snyder et al. 1969). 6-cm
absorption was also observed in dark clouds by Palrner et al.v (1969)
who concluded that the radiation being absofbed is the isotropicr back-
ground radiation, indicating that the excitation temperature of the
.transition is less than 2.7 K. A survey of dark clouds (Dieter 1971)

indicates that this phenomenon, termed "anomalous' absorption, is

widespread.

Several mechanisms have been proposed to explain this cooling
.of the 6-cm transition. Townes and Cheung (1969) sﬁggested that it
results from collisions with neutral particles — H atoms, or more
probably, H2 molecules. However, Thaddeus (1972) has shown that
quantum effects probably limit this mechanism to regions where the
kinetic temperature is greater than 40 K, which observations indicate

is well above that in the nebulae where ""anomalous" absorption is



observed. Thaddeus and Solomon (1972) have shown that smail
deviations from a blackbody spectrum in the background radiatioﬁ
could cause the observed cooling. Litvak (1970) has proposed that
the.cooling is due to infrared line emission from formaldehyde in
shock-heated layers deep within the cloud, and Oka (1970) ha.s pro-
posed that the cooling results from excitation at the time ’o.f HZICO

formation.

Besides the 6-cm line, a number of other formaldehyde

transitions have been observed. The 14.49-GHz (~ 2 cm) 212-211

transition has béen detected by Evans, Cheung and Sloanaker (1970)

and the 28.79-GHz (~1 cm) 3, _-3._ transition was found by Welch

13 "12
- . . . 13 16
transitions of the isotopic species H2 cC O
1
2C 80 at 4.39 GHz

(1970). The 111-110

1
at 4. 59 GHz (Zuckerman et al. 1969) and H2

(Gardner, Ribes and Cooper 1971) have also been observed.

This dissertation is primarily devoted to new observations of
.interstellar formaldehyde. The first observations described here
are of the three-J =2 5 1 (A ~ 2 mm) formaldehyde lines, one éf which
bbelongs to the para speqies. It was felt that the observation of theée'
lines would shed light on the‘ excitation of this molecule, and the obser-
vations were made possible by the development of the millimeter
receiver mentioned above. In this study (see Chapter 3) the strongest
2-mm emission was found in the direction of the Kleinmanp- Low

infrared nebula in the Orion Nebula (Ori A), an H II region in which



the 6-cm line had not been detected by Zuckerman et al. (1970)

in their initial survey.

These results led to the second set of observations reported
here — a search for and study of 6-cm formaldehyde abso.rpti‘on in
the direction of the Orion Nebula. These observations were_unde.r-
taken since an analysis of_thé 2-mm observations indicated that a
weak 6-cm line should be observable in this direction and, because
of the high density deduced fc;r this‘ region, it appeared that its
detection would yield information on the effects of collisions on the

anomalous absorption process.

The final 6bservations reported here are of a successfui
search for the J= 3 - 2, 130;GHz transition of silicon monoxide
- (SiO). This discovery of SiO at 130 GHz, following an unsuccess-
ful searéh by Dickinson and Gottlieb (197 15 for the 87-GHz line, is
an indication that the excitation in many ultra-dense regions is

such that the higher frequency transitions are more easily detected.



CHAPTER 1I

APPARATUS AND OBSERVATIONAL PROCEDURE

Two radio telescopes of the National Radio Astronomy Observa-
_tbry (NRAOQO) were used fo}"'the observations on which this: dissertation
is‘ baséd. The 6-cm formaldehyde observations were made with -
the 140-foot antenna at Green Bank, West Virginia; the millimeter
wavelengith observations were made with the 36-foot antenna on

Kitt Peak.

A. Millimeter Observations

The high sensitivity which has recently been achieved in mil-
limeter receivers is due largely to the use of Schottky barrier
diodes developed by C. A. Burrus of the Bell Telephone Labora-
tories. These were the mixer diodes used by Wilson, Jefferts
and Penzias (1970) for the discovery of interstellar CO; essentially
the same Bell Labs receiver was used for the observations report-
ed here. Its double sideband noise temperature at 140 GHz was

measured to be 800-1200 K, or a factor of more than 10 lower than

had previously been obtainable.

The local oscillator klystron of the receiver was frequency-
stabilized with the circuit shown schematically in Figure 2
(Weinreb 1970). The klystron was phase-locked to approximately

- the 75th harmonic of an oscillator (~ 2 GHz) which was in turn phase-



locked to a frequency synthesizer o'perating at about 100 MHz. The
intermediate frequency (IF) of the receiver w;as: 1390 MHz‘and this
signal was amplified by é. Microm_ega (~ .50 K) 21-cm parametric
a.rnplifier,v so from the paramp on, the receiver. is essentially a

""standard' NRAQO 21l-cm receiver.

Two filter banks were available for use with this receiver.
One, a 40-channel bank, used for most of the observations reported
here, had filters 1.4 MHz wide (at 3dB points) and spacea 1 MHz
apart. For higher resolution work a 50-channel filter bank, with -
250-kHz channels spaced 250 kHz apart; was used. ’I‘he details of
the filter banks are given in NRAO reports (Thacker and Beale 1969;

Ballister 1968).

All observations were made with frequency switching of the
2-mm locai oscillator. . Because of gain insfabilities, it was neces-
sary to make off-source observations to obtain reference spectra
which were subtracted from the on-source spectra. In general, five
minute on-source obsérvations were alternated with off-source scans
of equal duration. For the SiO observations, which were made some-
what later, the installation of a computer to control the telesclope
pointing allowed a modified procedure. Each scan consisted of ten
cycles of 30 seconds on and 30 seconds off the source (equivalent to
beam-switching once per minute). The question of calibration of

this receiver is an important one and is discussed in Appendix A.



The 36-foot antenna is altitude-azimuth mounted and the feed
horn was normally set with the E-plane parallel to the horizon, so
that the E-plane rotated with respect to the soﬁr;e during. observa-
tions. With this feed the half-power beam width (HPB.W) at 2 mm

was about 1' and the beam efficiency was 0. 6.

B. 6-cm Observations

For observations on the 140-foot telescope the sta;ndard
NRAO 6-cm receiver was used. With the cooled parametric
amplifier the system noise temperature was between 85 and
100. K. The receiver was equipped with the NRAO 384-channel
autocorrelator (Weinreb 1963; Shalloway et al. 1968) whose band-.
width may be varied up to 10 MHz. Most observations described

here were made with spectral resolutions of 7.9 or 3.9 kHz.

Some observations were made without frequency or beam
switching, an observing techniéue only feasible with very stable
receivers. Before each series of scans on a source an off-
source reference spectrum was taken. The, finz_a,,l- spectra were
the differences between the on-source spectra and this refer-
ence spectrum. Other observations were made in the frequency
switching mode for which off~-source observations were unneces-

‘sary.
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The 140-foot telescope is equatorially mounted and the obser-

" vations were made with a linear feed whose E-plane was north-

south. With this feed the HPBW at 6 cm was about 6' and the-

beam efficiency was 0.82.

C. Data Reduction

At both telescopes the spectra were displayed at the comple-
tion of each observation and were stored on magnetic t.ap.e for
further processing. Preliminary processing of the 6-cm data was
done with standard NRAO computer prograxns1 which allowed for
detection and deletion of bad records and produced a FORTRAN
readable tape with the data for each observation stored a.s antenna
temperature for each channel. For all data, final reduction was
done on the IBM 360/95 computer at the Goddard Institute for
Space Studies. When several observations were made at a given
location they were generally synthesized to improve signal-to-
noise. The specfra were Gaussian filtered where appropriate,
and Kitt Peak observations were corrected for atmospheric

attenuation (see Appendix B).

1
Programs AC4141A, AC‘4142A, TPOWER1 and TPOWERZ2 (cf.
Farris et al. 1968).
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' CHAPTER III
OBSERVATIONAL RESULTS

A, 2-mm Formaldehvde Observations

In October, 1970 the 140.8-GHz 111—212 forrﬁaldehyde traﬁsition
was detected in emission around the direction of the Kleinmann- Low
(1967) infrared. _ﬁebula i.n the Orion Nebula (Ori A), an HII region where
the 6-cm line was absent (Zuck'erman et al. 1970). At that Fin.ﬁe only
upper limits were obtained for this'transition in a number of Galactic

HII regions and in two dark nebulae where 6—cm~H2CO absorption had

previously been observed (Zuckerman et al. 1970; Palmer et al. 1969).
This work wé.s continued with a more sensitive receiver in

February, 1971. The 110--211 and 101-202 transitions were detected
in Ori A, also in emisvsio_n, at 150.5 and 145. 6 GHz, the latter transi-
tion belonging to the previously undetected para species of the mole-
cule. An upper limit was also obtained in Ori A for the llo-letrahsi--
tion of the isotopic species H213CO, which falls at 146.6 GHz. During
this run,the 140. 8-GHz line was also detected in three other sources:

Sgr A, W51 and W3 (OH). In December, 1971 this line was detected in

Ori B (NGC 2024) and DR 21 (OH) and an upper limit was.obtained in

13

Ori A for the 137.4-GHz 111-212 t_ran51t10n of H2 CO.

These observations were made in collaboration with P. Thaddeus,
K. B. Jefferts, A. A. Penzias and R. W. Wilson and have, at
least in part, been described in Kutner et al. (1971) and Thaddeus

et al. (1971).
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Al, Observations in the Orion Nebula

The results of the 2-mm formaldehyde observations in the
direction of the Kleinmann-Low nebula are summarized in Table 2
and Figures 4, 5, 6, 7 and 8. Table 2 gives the location, antenna
température and radial velocity of the observed lines. ,Radiai vel-
ocities are based on the laboratory rest frequencies given in Table
1, The antenna temperatures in Table 2 have been cqrrected for
atmospheric attenuation by the method of Appendix B. _After cor-
recting for beam efficiency and for line broadening by the receiver
filters (Appendix C), the line brightness temperatures are about
2.2 times the antenna temperatures. Measurements of the antenna
Eemperatures for a given.line at separate locations are relatively
accurate to 5-10%, but because of the calibration uncértainty des-
cribed in Appendix A, the absolute scale pf antenna. temperatures

and the relative values for different lines are uncertain by 25%.

Figure 3 shows the spectra of the three J = 2 - 1 HZCO

lines at the location marked "C" in Figure 6, a point which lies
near the peak of 140.8-GHz emission. The 'lines shown agree in
velocity and width with those of CO (Wilson et al. 19'70), CS
(Penzias et al. 1971) and CN (Jefferts et al. 1971) in this direc- _
tion. Upper limits were obtained for the 146. 6-GHz transition of

3

1
H2 CO at this location, and for the 137.4-GHz H213 CO transition

at posiﬁion B (see Table 2).
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A crﬁde map of the extent of the 140. 8-GHz emission around the
direction of the Kleiﬁmarin-Lov? nebula, based on the October, 1970
data, ié shown in Figure 4. A better map of .the same region, ba.sved. '
on the February, 1971 data is shown in Figure 5; the observations were
general.ly.spaced one-half a beamwidth apart in the qenter of the
source and a full‘bearnlwidth apart on its fringes. The velocity over
the field is measured to be éonstant to within. the velocity -res.olution of
2.2 km./sec.’ Figure 6 shows a contour map of the 140. 8-GHz emission,
~ made from the observations in Figure 5. The emission is‘ sharply
peaked in the direction of the IR continuum peak, the IR star (Becklin
and Neugebauer 1967) and the OH maser (Raimond and Eliasson 1967)
aBout 1' from the.Trapeziurri. The CO and CS emission in Orion also
peak in this direction, with the CS having a siightly greater extent
than the HZCO’ and the CO extending in right ascension a.nd declina-
tion considerably fa;fther than eithér (Penzias et al. 1971; W‘ilson, Jeff-
erts and Penzias 1970). In Figure 12, £he 140. é-GHz formaldehyde
contour'mé.p is .superimposed on a photograph of the Orion Nebula, and
it is apparent that only a small part' of the nebula has been surveyed
at 140. 8 GHz. |

Figu:res 7 and 8 show the results of limited mapping of the

150. 5- and 145, 6-GHz lines.

A.2 2-mm Observations in Other Sources
Following the initial unsuccessful search for the 140. 8-GHz

formaldehyde line in other sources (see Table 3) this line was found
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in emission in the sources W 3(OH), W 51, Sgr A (NH3A).,-‘ Ori"B."
(NGC2024) and DR21(OH). These observations are s.ummari.zed

in Table 4 and Figures 9, 10, and 11. Table 4 gives the 1ihe antenna
temperature'; velocify and doppler bwidth at each po‘sition at which the
line was observed. Figure 9 shows the strongest line in three of
these sources superimposed on the 4. 83-GHz absorption spectra of
Zuckerman et al.(1970) and the HCN 88. 6-GHz emission spectra of
Snyder and Buhl (197]). Figures 10 and 11 show the results of limited
mapping of the 140. 8-GHz line in W 51 and W 3(OH-) »(as tabulated in

Table 4).

In Sgr A the detected 0. 8 K line is located 2. 5' south and
slightly to the east of the location where an upper limit of 0. 7 K had
previously been obtained (Table 2) perhéps indicating_that the Sgr A
source is small. In W 51 the line is found near the 2-cm continuum
peak (Schraml and Mezger 1969). Also, marginal evidence for a
line in W 51 was found about 1™ (i;. e., 15 beamwidths) east of this
. . _ h m__s _ o Y A _
location at «(1950) = 1922 287, 5(1950) = 14°24'16" ‘and at q =
h._m__s _ o 10 '
19722728, 5 =14°25"16". The suspected feature has an antenna
temperature of about 1 K and a radial velocity of +65 km/sec approx-
~imately equal to that of the strong 4.83-GHz absorption line, but it

appears to be wider than the 4.83-GHz line.
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In W 3(OH), W 51 and Sgr A the velocity and width of the 140-GHz
emiésion profile agree with that of the 88. 6-GHz HCN line (Snyder
and Buhl 1971) and with that of the 147-GHz CS line in W 51 and )
DRZ21(OH) (Penzias et al. 1971). Distinct differences, notably in
Sgr A and W 51, exist between the velocities of the 140-GHz and
4. 83-‘GH.z formaldehyde lines. This may give indications as to the
inhomogeneity of these regions and may imply that the conditions
necessary to excite these millimeter transitions exist in oniy-a_ small

portion of the molecular clouds in these sources.

In W 51, W 3(OH) and DR21(OH), the 140-GHz line, as in the
Orion Nebula, appears to peak on, or at least very néar, peint
soﬁrces of both OH (Raimond and Eliasson 1969; Palmer and Zucker-
man 1967) an& HZQ emission (Knowles et al. 1969). From prelim-
inary mapping '(Figures 1v0Vand 11) it appears that the 140. 8-GHz

~sources, while small, are distinctly extended.
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B. 6-cm Formaldehyde Observations in the Orion Nebula

The discovery of the 2-mm HZCO emission in the Kleinmann-

Low nebula motivated a search in that direction for the 6-cm HZCO

" line. The observations”‘w—erwe made in April, 1971 with the 140-foot
telescope. 1A The obsbervations afe summarized in Table 5 and Figures
12 and 13. Table 5 gives the i)eak line brightness temperature at each
posi‘tion, the line velocity and full width at half intensity and the con-
tinuum brightness‘ temperature, either from Mezger and Hendersop's

(1967) 6~-cm map of Ori A or extrapolated from 8-GHz continuum

temperatures of Gordon and Meeks (1968; Meeks 1971).

Figure 12 is a photograph of the Orion .Ne'bul'a showing: the
locations observed at 6 cm. .'F'vigure 13 gh,ows the 6-cm sp‘ec‘tr.»a. at the
numberéd pbsitions; 6-cm absorption is found over rﬁ_uch of the Orion
Nebula at an intensity of 0.1 to O.lS K. Position 17, where the line
has a self-reversed appéarance, (which will be discussed below),
centers.on the Kleinmann-Low-IR nebula and.the. small sourcé.

of 2-mm H'2CO emission; it also..contains.the 6-cm: continuum

peak (Mezger and Henderson 1967). 'T}'le continuum radiation falls
off rapidly on the scale of Figure 12 and has not b.een detected

below position 12.

1 . .
These observations were made with P. Thaddeus and the results
have been published, in part, in Kutner and Thaddeus (1971).
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C. Observations of Interstellar Silicon Monoxide

The observations in this section were made in April,. - -

1
1971 using the 36-foot antenna.

Line eﬁﬁssion from the Galactic radio source Sgr B2 has been
observed at a frequency of 130, 246 GHz (with r.espect to the local
sfandard of.rest), which is attributed to the J = 3 - 2 fétational transi-
tion of the silicon monoxidé molecule. The signal obtained in the direc— _
tion of the OH point emission sources in Sgr B2 (Rairpond-and Eliasson
1969) is shown in Figure 15. A Summary of the data here and at one
other locétion where obsérvations were obtain‘ed in Sgr B2 is given in
Table 6. Afl.ﬁer c;orrection for the line broadening by the fiiteré, the
‘atmospheric attenuation and the beam efficiency, the line radiation”

temperatures are about two times the antenna temperatures.

.This line was sought in a number of other sources, but it was

not found. The negative results are summarized in Table 7.

1 _

- These observations were made in collaboration with P. Thaddeus,
K. B. Jefferts, A. A. Penzias and R. W. Wilson, and the results
published, in part, in Wilson et al. 1971,
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’ .
CHAPTER IV

DISCUSSION .

From' the observations reported in the pre_vious chapter, it
_is possible to obtain a considerable amount of information about

- the .molec.:ular excitation and the physical conditions responsible for
it. _In the first part of this section, an analysis of the fofmalde-
hyde observations in the Orion Nebula is presented. Excitation of
the Z-mrh HZCO livnes is discussed and an estimate of the neutral
particle density in the Orion molécular cloud is obtained. Also,
from the Orion Nebula observations, conclusions are drawn about fhe
relationship of the molecular cloud, the IR nebul.a and Becklin's IR
star. An estimate is made éf the HZCO ortho-i)a'ra ratio. Infor-
mation on the anomalous pumping mechanism ié provided by these

2-mm observations and by the 6-cm Ori A observations. The final

section contains an analysis of the silicon monoxide observations.

Before proceeding to the discussion, it will be useful to out-
line certain basic definitions, relations and assumptions which will

recur in the subsequent analysis.

Radio measurements are often given in terms of brightness
temperature TB or radiation temperature TR, rather than the in-

‘tensity of radiationl . I 1is related to T

by the Planck function
v -V : o

B
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3 : -1
1o ZRY ([W/ETB ) . (4. 1a)
v 2
c
and to TR by the Rayleigh-Jeans formula
v =1, ) | (4. 1b)
R 2
2v k

- Clearly, TB and TR are equal for hv << kTB. For the observa-

tions reported here the receivers were always calibrated against
- sources for which it was assumed that the temperature was propor-
tional to the radiation intensii:y, so the results are always in terms

of radiation temperatures.

Consider mnow, two molecular levels 1 and 2 with energies

E. < E

1 5" populations n, and n, and statistical weights g4 and 8,

The excitatioﬁ'temperature, T is defined by

21’

n g v .
-hv/kT
2 _ 72 -hv/kTp, (4.2)
"1 B
where hv = E2 - El. Suppose now that the molecules in question

lie in front of a continuum -source of radiation temperature T .

and are immersed:in background radiation of temperature TB:G"

The line radiation temperature, which is defined to be the
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difference in radiation temperature hetween the-line center and the

continuum, is given by (cf. Kerr 1968)

Ty (4.3)

T = (T -T-TB)_(l-e

R 21 C G

. > .
where 'r\) is the optical depth at the line center If T21 \TC+TBG)

the line is seen in emission; if T21 <(Tc+ TBG) it' is in absorption.

The observed antenna temperature 'I‘A of the line will, in addition,
depend on the antenna beam efficiency, 71, and the size of the an-
tenna beam with respect to -the source. If the soﬁrce fills the

beam t_hen

- ’ 4.4
T nTB ( a)

T =-—>.nT '  (4.4Y)

where QM is the solid angle of the main antenna beam, and QS is

that subtended by the source.

For allowed electric dipole transitions, the optical depth

in the line center L is given by (cf. Kerr 1968)

8113\) g
: 2 P2 N, - N
ITvdV = |U21| (— 1 2) (4.5)
. 3hc * g ’
line _ 1
=~ T. AV
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where N1 and NZ' are the indicated column number densities, .

|u21|2 is the summed squared dipole matrix element for the
transition, and Av is the full line width at half maximum. We

are often interested in the case hv << kT2 ,  for which equations .

1
(4.2) and (4.5) give

32 : 32
8m v 2 . 8mv 2 8,
re — Iy, - oy "=y
3ckT21A\) 3ckT2 lA\) gl (4. 6)
If hy << kT21 and in addition, r << 1
32
Smv N T +T .
2 2 C " BG .
Tp = (o1 Tom Tpg) 7= —— I 1" |1 (4.7
3ckAv ' TZl v

HZCO is a hearly symmetric top, and the electric dipole ma-

trix elements are given to sufficient accuracy by (cf. .Thaddeus 1972)

5 (3" 17 2 >
Mgrgegsl™ = @I+ D\ g @ (4.8),

-18 ' '
where = 2.34 x 10 esu is the HZCO permanent electric dipole -

moment (cf. Townes and Schawlow 1955), the bracke.t'denotes

.

the Wigner 3j symbol and the ’ denotes the initial state. Spontaneous

radiative decay will then occur at the rate

4 3
| bam > 71 7\? |
A, = —— (2] + 1). . e (4. 9)
K'J,KJ = 3 K 0 K |
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The t_i‘ééﬁ’nent used above fof the determination of line strengths,
though widely used in the analysis of radio observations, formally
applies only in the optically thin case, in whic_.h the problems -c}f.
~line formation are straightforward. 'Using>the numerical technique
of Auer ‘and Mihalas (1969; 1970), Whité (1970) has considered the
problem: of non-LTE. radiative transfer in the four lowest levels of
értho formaldehyde, taking into account the effects of finit¢ optical
depth. The problem considered was that of a cloud immersed in -
2.7 K background radiation, with the forrﬁ'ald.éhyde collisionally
excited by electrons vand neutrals (taken to be H molécules). For

2

rates of H_CO excitation by collisions with H, molecules, White

2 2

used the results of Thaddeus (1972) who considered four excitation
models: (1) S-wave scattefing from only the formaldehyde H atoms
in the sudden approximation, (2) S-wave scattering from all four-
formaldehyde atoms in the sudden approximation, (3) S-wave scat-
tering frpm the H atoms without the use of the sudden approxima-
ftion and (4) scattering from finite-sized H atoms in the sudden
approximation: White used the rates from the first model since
this showed the strongest collisional cooling of the 6-cm transi-
tion in the optically thin limit. However, in the optically thin
case the behavior of the millimeter lines is not significantly
model-dependent. Therefore, for this study it is assumed that
White's results adequately describe the excitation of the milli-

meter lines.
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White found that for neutral excitation the 2-mm transitions
will remain in equilibrium with the background radiation until the
- . 4 -3 . .
densities become appreciable (nHZ ~ 10" cm ), possibly explain- -
ing the negative results reported here for the 140.8-GHz line in a
number of sources. He presented solutions for the line brightness
temperatures as a function of neutral particle density for various

values of the electron-to-hydrogen ratio and the formaldehyde

column density.

In the following analysis of the 2-mm observations in the
direction of the Kleinmann-Low nebula, White's results are used
to obtain an estimate of neutral particle density from the observed
formaldehyde column density. We first consider the lécati_on of

the molecules relative to the Orion Nebula H II region.-

A, - Location of the Orion Molecular Cloud

.With the discov_ery of an exten‘ded source of 2-mm HZCO
emiss‘ion,‘ the failure of Zuckerman et al. (1970) to detect 6-cm
absorpf:ion in Ori A indicates that tl';e HZCO rﬁoiecules- are located
behihd the Trapezium and enveloping H II region.  This idea is
supported by the observations of the 6-cm iine reported here in

" which the line strength shows an inverse correlation with the con-

tinuum intensity (see $F below).
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Also, O. C. Wilson et al. (1959) suggest that the gas
surrounding the Orion Nebula is éXpanaing with a \.felocity of
about 10 Rm/sec and Gordon and Meeks (1968) observé the velo-
city of the H94q line in the core of theﬂ H II region tob be
-3 km/sec (LSR). Therefore, the observed velocity. of the mble-
" cular line (~8 km/sec) would pla.ce‘ the molecules behind the H II
‘region. ‘There is -stfong’additional, evidenée that the m'ole'cule.s
are located- behind the Orion Nebula. . .One,of_the-moleculeé detect-
ed at ‘millimeter \&avelengths in this direction is CN (Jefferts, Pen-
zias and Wilson 1970) which has also been observed in other inter-
stellar clouds in optical absoption (cf. Adams 1949; ,Clauser' 1969;
_Borto’lot 1972). The column number density of CN molecules in

the direction of Ori A has been estimated from the radio observa-

) : 15 -2 ' .

tions to be 1.1 Xx 10 cm . A very small fraction of these, per-
‘ -3 1 .

haps as few as 5 x 10 7, lying in front of § C Ori, the brightest

Trapezium star, would produée detectable optical absorption at

3874. 6%, yet neither this, nor any other molecular optical line,

-has been found there (Adams 1949).

Thus there can be little doubt that the Orion molecular cloud
lies behind the H II region. Figures 12 and 13 indicate the extent

of this c161_1d relative to the visible portion of the nebula.
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B. Excitation. of the Millimeter Lines.

We now investigate the excitation mechanism résponsible for
2-mm HZCO. erﬁission. If the observed transitions are not satur:a-
ted then the peak line brightness temperature of about 7 K is a
lower limitv-to the. excitation temperature Tex of thesg transitions.
To account for Tex ®» 7 K requires that cbllisiohs, or photoexc;ita-
.tion_of the optical or infrared transitions of HZCQ, _occuvr at a rate
~comparable to or greater than the spontaneous decay rate of the

upper (2,_) level; which by equation f4.9) is

12

-5 -1 o o
A21 = 5.3 x 10 sec . v (4. 10)

HZCO readily photodissociates in the blue. For 20008 <X <
_ 3600}, the quantum yield for phdtodissociation (molecules decomposed
| per photdn absorbed) is greater than 0.9 (St.ief 1971) and though one
migﬁt conceive of some special mechanism which effectively cuts off
radiation at wavelgngths bélow 36004, itis probably _reasonable to
assume that the rate of photodissociatién would be of the same order
as the rate of photoexcitation. From the observed HZCO column

density (equation (4, 20) below) this would imply a destruction rate

) . 1.5 x 1010 molecul_es/cmz/seé . (4.11a)
diss :

An upper limit on the production rate can be approximated by
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assuming that for every CO molecule which hits a grain, an H2
molecule also hits this grain’,_ directly forming an I—IZCO molecule

- which then evaporates. The production rate is then

= nrgz v.ng NCO R . (4. 11b)

Rprod

where rg is the grain radius taken to be 2 x10-5 cm (cf. Gaustad
1963), v is the r.m.s. CO velocity af Tkin = 60 K, NCO is the
CO column density Which may be as great as 1020 cm-Z (due to

saturation the CO column den’si.ty is uncertain; Wilson, Jefferts

and Penzias 1970; PenzAias,l.]'efferts and Wilson 1971) and ng is the
denéity of grains. If photoexcitation is responsible for the 2-mm
emission then equation (4.21) below becomes an upper limit to the
hydrogen density, which from van dé Hulst's (1949) gas-to-dust ratio

implies ng < 6 x 10-8 cm-3. .This yields a production rate

R ~ 107 molecules/cmZ/sec (4. 11¢)
prod .

which is a factor of roughly 1000 below the necessary production
rate given in equation (4.1la). For this reason, this process of

optic al excitation is rejected.

- Vibrational photoexcitation does not of course suffer from this



27

‘objection, but it is unlikely to occur at the required rate, as the

following argument s hows.

and \;6 of H.CO

The two low-frequency bending vibrations v 5

5
fall respectively at 1280 and 1167 cm—1 (Herzberg 1945, p; 300). In
_this.frequency range it is known from the 11.6py .obsAervations of Ney
and Allen (1969) »that the brightnéss temperature TB. of ‘the'nebula in
the {ricinity of the IR star is about 100 K; an upper linﬁif to the rate
of vibrational photoexcitation is then obtained if it is assumed that
the molecules are not simply in the vicinity of, but are surrounded
by the nebula, and are thus immersed in blackbody radiation at this
Vtemperatuxv'e. Consider for ‘simplicity only excitation qf the Ve tran-
sition. Matrix elements for infrared vibrational transitions are
difficult to calculate, and few have been measured. ’I‘o make an
estimate of Iplz con,sider first a diatomic molecule with bond length
r (so the rotation copstant B = h/8nMrc2), where M is the reduced

mass of the two atoms). Then the summed squared matrix element

for the stretching vibration is given by

2 M 2 o 2
ful™ = (g;—(r -r )~ 'r—o?<r - ro) . (4. 12a)

For an harmonic oscillator at frequency v, (r - ro>2=-h/2n2M\)’ ,80

|ul2 ~4.° B/v . | (4. 12b)
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Thus for the HZCO Ve transition, we take as an upper limit to |u|2 )

uzA /v Where A is the largest rotation constant of H,CO (A ="
o 6’ o) : 2 o)
11 -1 . L
2.82 x 10 sec ). This upper limit corresponds to an f-value

(oscillator strength) of 2.4 x 10~ 5; the table below (taken from

Penner 1959) shows that this is probably a conservative upper limit.

Molecule viem~ 1) ‘ f-value

cO ' 2,143 1.\09 x107°
4, 260 7.5 X 10'§
OH | 3,568 4.0 x107°
6,971 1.7 x107'
H,0 1, 595 1.3 x 10::

- 3,755 4.5 x10
5, 331 1.3 x 1070
7, 250 8.0 x1077
. 8,807 2.5 x1078

Blackbody-photoexcitation will then pr_oceéd at a rate

4
641 \)Zp. 2 A -hvé/kTB 6 1
R, < e ~1lx 10 " sec (4. 13)

ir 3hc3

Which is small with respect to'A__ as given by equation(4. 10). It is

21

thus concluded that neither optical nor IR photons are likely to excite

‘the HZCO molecules at the required rate, leaving collisions as the

probable mechanism.
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In calculating collisionél excitation rates 1(:15 assumed (;.hat
HZCO and CO, because of their similar line profiles, are coexten-.
sive' over the central .region of the molecular cloud where the 140. 8-
GHz line is observed, and that since the 115-GHz CO line is un-
doubtedly saturated (Penzias, Jefferts and Wilson 19_7:-1), its approx-
imately 60 K brightness temperature is a good measure of the kin-

etic t tu T,. .
1C empera re .kln

We first consider excitation by collisions with charged par-

ticles. Excitation of HZCO by ions at this temperature is negligible

compared to excitation by electrons. The collisional rate from the

1 to the 21

11 level for electron excitation is adequately described

2

. ~b60 K (cf. Allison and Dalgarno
kin }
- 1971), and is given by (cf. Thaddeus 1972)

2 .
64n e Tm 4k T, | )
e e kin _ -6
Rlz— 5 (h)(SkT on -0.577{ =2.2x 10 "n

kin hy

in the Born approximation at T

\/Nl"'

e

(4. 14)

If transitions to other levels are neglected, in statistical equilibrium

- -1
= -1 f hich i
R, AZl(gZ/gl) lexp (hv/kTeX) ] 7 for whic T 2 7 K yields

R._21.7TA

- -1 :
12 1= 9.5 x10 > sec . So from equation (4. 14) we see

2

that an electron density of

n_ > 45 em™> ' (4. 15)

" is required to produce the observed excitation.
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If excitation by electrons is the dominant mechanism then
equat;ion (4. 21) becomes an upper limit for the neutral particle den-
sity, and by equation (4. 15) this would imply a fractional ionization,
ne/nHz, in egcess of 2 X 10-4. The high observed infrared df)acity of
this region impliesv a density of dust great enough such that it is
improbable that enough starlight will penetrate to produce this ioniza--
tion. The presence.of molecules promotes rapid dissocia.tive recombi-
: n‘ation of those electrons which might be produced by X-rays or cosmic
rays. There is also observational evidence that the excitation of the
millimeter lines is primarily by collisions v&ith neutr.als rather than
electrons. Fér electrons, the excitation rates, as in equation (4. 14),
are proportional to uz? as are the rates of spontaneous decay, so one
would expect that for molecules with significantly different dipole
moments, transitions in this frequency range wo ld have essentially
the sa:che excitation temperature. Neutral excitation rates dé not
depend strongly on u 'ahd molecules with higher dipole moments
would be expected to have lower excitation temperatures »due to the
faster spohtaneous decay rates. . Therefore, the low observed excita-
tion in this region of HCN (Snyd.er anci Buhl 1971) and CS (Penzias et
al. 1971) — molecules whose dipole moments are large — with
respect to CO (Wilson et al. 1970) — whose moment is srﬁall —- indi-
. cates that impact By neutral particles, not electrons‘, is responsible

fof the 2-mm HZCO excitation.
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We can now estimate the density of neutral particles required
to produce the observed emission, by first considering tﬁe observéd‘
absence ;)f 2-mm emission by. 'HZI:’CO. _It-is reasonable to assume
that the 12t:/l"%cvabundance ratio in the Orion Nebula has essentially
the terrestrial value 89. Bortplof: and Thaddeus (1969) and Smith
»and Stecher (1971) from optical spectroscopy have found compar able
values of this ratio from, respectively, CH+ and CO molecules in
front of the star. ¢ Oph; Vanden Bout and T.haddeus (1971) find that
» the ratio is gz;eater than 31 for CHJr in front of 20 Tauri. The
terres»tri»al ratio is also compatible wiéh the results obtained by
Zuckerman ét al. (1969) in a 6-cm search for H 13C’O, except

2

possibly in the region of the Galactic center.

Using this ratio we first find an upper limit to the optical

13 ‘
5 CO line in Ori A by assuming that

12
5 _CO have the same exci-

depth on the 146.6-GHz H
this and the 150. 5-GHz transition of H

tation temperature. Then by equations (4.3) and (4.5), we have

TA13 (1-¢e7)
— =(1 —r5- | (4. 16)
A - € )

where 1 and 1/89 are the optical depths of the 150.5-and 146. 6-

12

A and the upper limit to TA13 from posifion

GHz lines. Taking T

"G'" in Table 2 yields
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T<6

4.1
v/89 <0.07 (.17)

It is_thérefore clear that the 146.6-GHz line must be optically

thin, Th i . (4. ith - T, - i
in en equations (4.7) and (4.8) with ’I'21 >> (TC+TBG) give
’ 2

c fNA, . h ,
Tp = 22 Ta~ Gavavk (4. 18)

where f is the fraction of ortho molecules in the 211 level.

An upper limit to the column density of normal ortho mole-
cules is obtained by applying equation (4. 14) to the undetected 2-mm
13 . . _ P
H2 CO line (TA,<- O.Z_K)’ setting N = NOR'I‘HO/8_9’ and assigning
as a lower limit to f the value of 4.4% obtained when all ortho levels
are in equilibrium at 60 K, the cloud kinetic temperature adopted

above. Similarly, a lower limit to N valid even if the line

ORTHO’
is optically thick, is obtained by applying equation (4. 18) to either

the 140-or 150-GHz transition of normal fbrmaldehyde, and assign-
ing as a reasonable upper limit to f the value 5/16 obtained if only

the J=1 and 2 levels are populated, each in proportion to its statis-

tical weight. The limits so obtained are

13 } ;. .15 -2
6 % 10, < NORTHO < 1.8 x 10 cm . (4.19)

. Thus a reasonable value to adopt for NORTHO in Ori A is
N _3x 10%em™? (4. 20)

""ORTHO
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which, according to equation (4.19), must be considered uncertain

by at least half an order of magnitude.

Though Thaddeus' (1972) excitation rates were computed for
excitation by HZ molecules, thé results do not change significantly
if the neutrals are taken to be H atoms, ‘sov the results below do not
dgpend strongly on whether the ‘neutrals are takgn to be H or HZ.

" Theoretical studies (cf. Hollenbach, Wernef and Salpeter 1970) in-
dicate that in regions with extinctions greater than a few fnagnitudes,v
szmolecules should predominate over H atoms. This is. consistent
with the results of Carruthers (1970) who found the .concentration of
molecular and atomic hydrogen approximatély équal in front of
E Persei, where -the optical extinction is about 1 mag, and did nat
find H_ in front of ¢ Per.sei, where the. extinction is lower. Therefore,

2

the neutrals in the Kleinmann-Low nebula are taken to be mainly HZ.

We then find from White's (1970) theoretical investigation of

the formation of interstellar H_CO lines that if N is given

2 ORTHO

by equation (4.20), a density of hydrogen molecules equal to

n ~ 2 X 105,' cm o (4.21)

is required to produce a 7 K emission line at 140 or 150 GHaz.
At the distance of the Orion Nebula, 3' corresponds to 1.2x1018cm;
the assumption that the cloud is of equal extent in the line-of sight

then implies



N ~2x102em? (4.22) -

and a formaldehyde=to-molecular-hydrogen ratio of

.

9

N IN.. ~ 2 % 10° (4.23)

HZCO H2 -

which is in quite good agreement with the results obtained from
4.83-GHz absorption in a dark cloud by Kutner (1972) and in a
" number of sources (Zuckerman et al. 1970). The overall mass

of the cloud derived from these figures is then
M ~ 230 MG) . (4. 24)
* which, again, is uncertain to at least half an order ‘of magnitude.

One important point must be emphasized with regard to the
mil‘lirneter observations. It has been shown that HZCO_ emission
in Ori A probablyvx;esults from collisional impact, ‘and that the total
density required to excite the line is high — so high in fact that
star formation must be taking place at a rapid rate. Since this
conclusion may hold .for other sources, aﬁd also for fhe recent;ly
discovered 1ineé of HCN, CN, and CS (whose rotational radiative

transition rates are comparable to that of H_CO), it carries the

2

important implication that millimeter wavelength molecular

emission lines are generally signs of ultra-dense regions, and for

34
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the first time provide spectroscopic tools for the study of the

collapse of interstellar clouds and for the formation of stars.

It is also a striking fact that four. out of the six sources
of 140.8-GHz emission, .all apparently émall extended sources,
peak on or very near p'oint sources of OH and H-ZO emission.
This correlation might conceivably be an effect of observational
selection, but it is more likely an indication that within the center-
of the observed élouds the density is so ‘high that stars  or proto-
stars have already formed. It is notewérthy that in Ori A, at

least, one reaches the same conclusion by considering the rela-

tion of the molecular cloud to the IR Nebula, as we shall now see.



" C. Relationship of the Molecular Cloud to the IR Nebula,

It is evident from the foregoing density estimates that the
molecular cloud in Ori A must be ektremely opaque. The usual

interstellar extinction ratio, 1 x 102 H_ molecules per magnitude

2

(cf.. Spitzer.:1968), implies by equation (4;.22) .a visual:extinction,

E  ~ 200 mag . | . (4.25)

so large that even the infrared opacity of the cloud is appreciable.
Taking the gas-to-dust ratio of van de Hulst (1949), equation (4.22)

implies a column density of grains,

Ng ~ b6 x 1010 cm'z . (4. 26)

Krishna Swamy (1971) finds that the reffactive index of the grains in
the Kleinmann- Low nebula is similar to that of ice or silicate. At
A = 10p, Gaustad (1963) finds that the absorptive cross section

: -11
for ice is 3.44 x 10 cm2 and Knacke's (1968) results for silicates
. s . -10 = 2 . '
yield an absorptive cross section of 1 x 10 cm- at this wavelength, -
Using these cross sections with the grain column density given in
equation (4. 26) implies opacities, 1 = Ng, at 10u of .

ice
- (4.27)

T .q. )
silicate y
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Thus, if an infrared‘ nebula had not alre.lady‘been found in this
direction one would be led to hypothesi.ze its existence. This
means, as does the coincidence of the 140.8-GHz emission peak
with that of “th'e IR éontinuum (Figures 4 and 6), that the infrared
nebula discovered by Kleinmann and Low (1967) is probably the
central condensation of the movl_ecular cloud, an idea supported by
the agreement which exists between the above estimates of depsity
and extinction and those dérived by Kleimnann and Low and Hart-

mann (1967) from analysis of the IR data.

The equality of fhe peak brightness temperature of the satu-
‘rated 115-GHz CO. line (%0 K) and the peak brightnéss tempera-
‘ture of the IR Nebul'ei ~77 K at 20y) is thgrefore unlikely to bev
accidenfal, (at least if the CO temperature as assumed is a fairly
‘reliable. measure of the gas kinetic temperature). It implies some
| 1'mechanism coupling the kinetic energy of the gas to the infrargd
radiation.,, an effect which would" r'eadily‘explain the observédv sharp
drop- off in the CO temperature beyond the edge of the IR Nebula
(Wilson, | Jefferts_and. P.e;zhi.a:s <l"9'%('))..w‘T(;;;A;o-ésibility is that the
usual interstellar ""cooling'! transitions, possibly the J=0 - 2 and
J=1-3 H2 transitions at 28 and 17;1., are working in reverse near
the IR Nebula, absorbing energy from the radiation and transform-
ing it, vié collisions, to gas kinétic energy in the molecular cloud.

One would expect this mechanism to operate best if all or most of
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these transitions are exposed to radiation. The fact that Hoff-
~man et al. (1971) and Harper and Low (1971) have recently found
Ori A to be a strongly emitting source even at 100y would seem

to favor this idea.

Penston, Allen and Hyland (1971) have recently suggested
that Becklin's IR star is an extremely reddened F supergiant
with an absolute visual magnitude, va;.—8. 5. ’I‘é explain the
observed reddening a visual extinction in front of the star of >80
mag is required, a value which was- not considered féé.sonable
until there was evidenée for such from these molecular observa-
tions. They identify‘the radiation of the Kleinmann-Low nebula
as the‘ reradiation of the energy absorbed in the dust surrounding
the star, and derive a mass of thg absorbing cloud zSOMo in
agreement with that determined from thevmolecular observations

_:éieséribed here.



D.  Ortho:Para Ratio

Tl;le intensities of the Ori A ortho lines. relative to the para can
depend c-o‘n the way in which the molecules are excited, and on the trap-
ping of the 2-mm line radiation; the relative line strerigths therefore

kin’ nHZ, and NHZCO’ as well as the ratio of ortho

to para molecules. However, assuming that the lines are optically

may depend on T

thin and that the ratio of the number of molecules in the J=2 state to
the number in the J=1 state is the same for the K=0 and K=1 ladders,

the brightness temperatures of the 3 lines are related by (cf.

equations (4.6), (4.7) and (4.8))

( 112 )2
(T140"140)* (T150/V1s0)  NorTmO\-101 © (4.28)
- L
2(T145/V145) Npara (1 1 2)
| 000

Taking the .results . from Table 2 gives' the ratio on the left side
of the equation (4.28) as 1.9 % 0.4, yielding
NORTHO

= 2.5%0.5 :
4.2
NPARA ( 9

indicating that the observations are consistent with an ortho-para abun-

"dance ratio of 3:1.
It should be noted that the conclusions on the.ortho-para ratio must

be regarded as tentative because of the calibration uncertainties due to

double sideband reception (see Appendix A). -
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E. = Collisional Pumping

Averaged over the locations A, B and C listed in Table 2,

/T . =

" the mean intensity ratio of the Ori A ortho lines is Tl 150

40
1.0 + 0.4, the uncertainty resulting largély from the uncertainty
ir; calibration. This ratio suggests that the collisional pumping
mechanism proposed by Townes and Cheung (1969) to explain anom-
alous 4.83-GHz absorption in dark nebulae does not operate in

the molecular cloud in Ori A, since this scheme posits pfeferen-,
tial excitation by neutral impact of the .212 over the 211 level, and

hence emission is expected to be more intense at 140 than at 150

GHz. Acco.rding to White (1970), collisional pumping, if it is to

s .
40/T150 1.5 under

account for the anomalous effect, requires T1
the conditions of terhperature and density deduced above for the

molecular cloud.

Because of the uncertainties, tiiese results are not conclﬁ-
sive, but they emphasized the importance of finding the 4.83-GHz
line in Ori A, and the contribution this might make to our under-
standing of anomalous absorption in aark nebulae. The high den-
sities which have been derived here for the HZICO cloud would
quench.the radiative cooling scheme that Thaddeus and Solomon
(1972) h:;ive proposed to explain this effect, an;i'therefore (if the
contention. that the molecules are behind Ori A is correct) det;ec-

tion of an absorpfion line at 4.83 GHz would be strong evidence



41

for the collisional pumping mechanism proposea by Townes and Cheung
(1969). While operation of this mechénism at the relatively high temp-
‘erature (60 K) of the HZCO cloud in Ori A might not prove that it was
capable of working in dark nebulae (Thaddeus 1972), it would still be

of great value as a demonstration that the required cooling action can
result from real molecular‘ collisions - a proposition very difficult to

prove conclusively either theoretically or in the laboratory.
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F. Analysis of the 6-cm Observations

_In considering the 6-cm observations in the Orion Nebula,-
it is .notable that the absorpfion does not show the expected corre-
lation of line intensity TL with contihuum inteﬁsity TC' Thus, as
one proceeds from position 17 (Figure 13) off the continuum to the
southwest, the line actually increases in intensify, having at posi-
tiop 12 increased in strength 2-1/2 fold, while TC has declined
..fil_'om'87' K to less than 2 K ~ This peculiar correlation undoubt-
edly ‘signifies that it is not the continuum radiation of Ori A which
is »beingb absorbed at 6 cm, thus giving further evidence that the
"~ observed H,CO lies. behind all or most of the H II region. While

2

onebmight be tempted to suppose that the 6-cm continuum then
comes from a.rsecond H II layer still more distant than the HZCO’
this canndt be thé case, for to produce the.lines in the lower right.-
hand corner of Figure 13 this. layer would of necessity appear as an
arm of Ori A with TC' >0.5K ( and cdnsiderably greater than 0.5 K,
jnging from the unsaturated appearance of the line at position 7);
aé Table 5 shows, no such arm of the nebula is observed. We
are thus led to conclude that the microwave background radiation,
not HII emission, is being absorbed at 6 cm, and that §ve are

observing from behind the Orion Nebula the "anomalous' line dis-

covered by Palmer et al. (1969) in dark dust clouds.

The continuity in the velocity of the line, and its close
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agreement with that of the 2-mm H

2CO emission from the IR

nebula, then imply that a more-or-less continuous sheet of mate-
rial is being observed, extendingb at least from the vicinity of
position 7, where the gas density is presumably rather low, to
the very high density (n ~ 2 X 105 cm-3) of the IR nebula. This

H

in turn suggests that the decrease in strengﬁh of the anomalous
line as one proceeds from position 7 to 17 Vis an eff.ect. of‘ increas-
iﬁg neutral particle density. Of course other possible explanations.
for this decrease exist: it might indicate Ian increase in the frac-
tional ionization (since the effect of'e.lectron impact is .to heat the
6-cm transition), or it might only indicate ‘a decline in the density
of HZC.O, but analysis of the remarkable self-reversed structure

of the line at position 17 (Figure 14) strongly reaffirms the idea

that it results from neutral particle impact.

The first point to note in Figure 14 is that no absorption
occurs at 8.5 km/sec, corresponding to the 2-mm emission from
the IR nebula. This must mean that the anomalous cooling pro-
cess fails to operate in the IR nebula, since the amount of H CO

. 14 -2 )
existing there (N ~ 3 x 10 cm ), according to the 2-mm
_ HZCO
data,would be expected to produce an easily-detectable ~ 0.15 K
absorption line if the excitation temperature Tex of the 6-cm

levels were only 1.7 K. There are then two possible interpreta-

. tions of the self-reversed- line profile: (i) it r'epresents 6-cm emis-
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sion from the IR nebula superimposed‘ on a broader anomalous line
of a‘bout the same intensity, presumably i)l'Oduced by outerlying
material falling within the 6' antenna beam; or (ii) it represents
.two separate components of anomalous absorption. (ii) fails to
explain why the reversed core of the profile'vshould match so closely

both the velocity and width of the 2-mm emission, and it requires

an improbable, specific breakdown of the cooling process, with Tex

equal to exactly 2.7 K, to explain the absence of a line at 8.5

km/sec. (i) obviously explains the width and velocity of the core,

and its observed intensity, <~ 0.12 K, is the expected emission if '
| 14 -2 . :

N ~ 3 x.10 cm and Tex >> 2.7 K. (ii) thus requires a

HZCO

rather improbable set of circumstances while (i) does not, and

(i) appears to be the more probable interpretation. It is thus con-
cluded that the anomalous pumping process is quenched in the IR

nebula, ahd that 6-cm emission is probably being observed.

It should be noted, however, that due to the uncertainties in
the HZCO column density derived in §B, an expected 6-cm line
in the direction of the Kleinmann- Low nebula may be quite weak,
and absorption at 8.5 km/sec could be lost in the noise. A tesf
.can be suggested‘whi_ch may‘conclusively confirm that (i) above is
the proper explanation. As can be seen from Figurellz the beam.

includes the entire observed region of 2-mm emission. It is

therefore probable that the source of 6-cm emission does not com-
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‘plet‘ely fill the 6' beam. - Therefore, if similar observations are
made on a telescope of larg'er aperture‘thc.a b‘eam dilution of this
soﬁrce would not be as great, and the resulting emission would
appear stronger. It is also possible that more ihformation about
this central region will be obtained by using the 140-foot antenna to

observe the 2 - 2

11 12’ 2-cm transition,which would be done with

~a beam width of 2 minutes of arc. These observations will be

made in the near future.

In summary, there now appears to be observational evidence

that at very high density the pumping process responsible for

HZCO 6-cm anomalous absorption breaks down. This- is- the expect---

ed. behavior if the pumping process is radiative, but is contrary

to expectation if it is collisional.

Judging from how fast the mm lines decrease in intensity in a
few minutes of arc, it is not unreasonable to Presume that the
source of b-cm emission is beam diluted by a factor of 10 or
greater (cf. équation (4.4b) ).
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G. Analysis of the Silicon Monoxide Observations

The rest frequency of the J = 352 Si0O transition has not been -
measured,but it can be calculated from (cf. Hefzberg 1945)

- 3 . :
ViTelC 2B_(J+1) - 4D_(J+1)" . (4. 30)

Takihg Bo from the measurement of the frequency of the J =0 =1
transition by Raymonda, Meunter and Klemperer (1970) and using

'Do = 29, 8 kHz (Herzberg 1945, p. 570) gives

vp3 = 130 268.33 MHz (4. 31a)

or taking the values of D, B andq_ (B =B _-a_/2) found by Torring
e’ e e o e e 7

(1968), gives

v,y = 130 268.4 £0.3 MHz , (4. 316)

so these two resulté 'agree to 0. 14Akm/sec. Based on thié frequency,
the LSR velocity of the line is +53 km/’sec, which falls within the range
of molecular velocities observed in Sgr B2 and is in agreement with
the observed velocities on this source of the millimeter lines of CS

(Solorﬁon 1971) and CH_QH. Thus it appears reasonable to presume

3

-~



47

that this new line belongs to SiO. Conclusive confirmation would be

1
provided by detection of the J =4 53, 2 41 or 1 4 0 transitions,

The SiO emission line in Figure 15 is only 13 km/sec wide, and
thus much narrower than many molecular lines observed in Sgr B2,
| particularly those observed at centimeter vvave.lengths. This .difference
is probably in part a result of our very high angular resolution, and
the marked velocity gradients known to exist over the source (cf.l
vCheung et al. 1969), but it may also be an indication that distinct chem-
ical or physical'inhomogeneities exist in Sgr B2, and that SiO is only
produced under cjuite special conditions, and is not thoroughly mixed
throughout the Sgr B2 molecular cloud. It is noteworthy in this regard
that CISO (Penzias, iefferts and Wilson 1971), and OCS and _CH3CN
(Solomon et al. 1971), which are Ithe only othez; molecule_s so far
observed in Sgr B2 at the same angular resolution, have comparable
linewidths although they show velocities in the direction of the OH
position t.:hat are apparently significantly higher (by about 7 km/sec)
than that of SiO. It is also possible that the SiO exists over a large

region but that the physical conditions required to excite the milli-

‘meter transitions into emission exist only in a small region.

Since the original writing of this dissertation, Dickinson (private
communication) has reported observation of the J = 2 41 SiO
- transition in the same direction and with the same velocity as the
line reported here, thereby confirming the SiO discovery.



Dickins on and Gottlieb (1971) have recently obtained an uppef
limit of';’l K on TR for the 87-GHz, ‘2—01 line of SiO at our position 1. 1
From the observations reported here,the expectedintensity of this line,
and that of the J= 1~0 line, as well as the column number density of
SiO molecules in Sgr B2,can bé estimated. To make these estimates
it is necessary to make some assumption-as to the excitation tem-
pefature of SiO, since these observations cannot distingﬁish be-
tween an optically thin line whose excitation temperature is high,

and an optically thick one whose temperature is low.

Because SiO appears to be scarce (Table 7), and because
other ~r¥101ecules sucﬁ as OCS and CH3CN are well excited in
'~ Sgr B2, it is most reasonable to suppose that the J = 3~ 2 transi-
tion in Sgr B2 is optically thin, and that its excitation temper-
ature is large with respect to 1. 4 K, the rédiation temperature
T of the line in Position 1. To be definite, let us further sup-

R

pose that as a result of frequent collisions the rotational popula-
-

tions are approximately in equilibrium with the gas kinetic

Lower limits were actually quoted, but these authors have
found an error in calibration that necessitates doubling the
upper limits quoted in Table 1 of their article.
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temperature, which is taken to be 30 K. (This assumption may cause
an overestimate in the SiO density, but one not likely to exceed

a factor of 2-3.)

The column number density in terms of T'R fqr an opti.-
caily thin emission line is given by equation (4. 18). At the as- |
sumed 30 K excitation,the fraction of molecules in the upper level
is f= 0.15,0.12, and 0.085>f0r the J=3, 2l and 1 levels of SiO

respectively. Applying equation (4. 18) to the J=3_. level,and taking

the data from Position 1, then yields

13 -2
~ 10 .
NSiO 4 x cm , , (4 3?.)
which is°10-100 times less than the formaldehyde column density in

Sgr B2 (Zuckerman et al. 1970). If equation (4. 18) is applied to the

, we find

J=2 and J=1 levels, and equation (4. 32) is used for NSio
" that
2+1) ~ 0.6 | (4.
TR ( ) K _ (4. 33)
and

Tp (120)~0.16 K . | (439
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Equation (4.33) would correspond to an antenna terhperature of
'~ 0.3 K and is evidently consistent with the negative result of
- Dickinson and Gottlieb (1971); it and equation (4.34)) sugéest
that the lower frequency lines of SiO may not be easy to de-
tect.. Alternately, if these lines are found to be more intense
than equations (4.33) and (4.34) indicate, this estimate of the

SiO excitation and density will require some revision.
Applying the above treatment-to the. J=4~3 transitions yiélds

T (4+3) ~ 2.5 K . - (4. 35)

This implies that this line at v = 173.661 GHz might be more --
easily detectable. A search for this line could confirm the
identification and might lead to the discovery of SiO in other

locations.

There are a number of observations of SiO which would be'
of interest for the future. These would include a search for
other transitions,. a search for SiO in the direction of late
type stars (Knacke et al. 1969; Fer‘tel 1970; Cudaback, Gaustad
and Knacke 1971); and infrared objects such as VY Ca M
(Gillett, Stein and Solomon 1970) where vibration-rotation bands

of SiO have been reported.
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CHAPTER V

SUMMARY AND CONCLUSIONS

The following summarize the salient results and conclusions

of this dissertation.

Three new rotational transitions of formaldehyde, one belonging
to the previously undetected para species of the molecule, have been
observed at wavelengths of ~ 2 mm. All three lines were detected in
the direction of the Kleinmann- Low nebula in the Oriop Nebula, and
the 140. 8-GHz line was mapped over an area ~ 3' x 5' in this region,
Also, useful upper limits were obtained for the 146.6- and 137.4-GHz

13

lines of H2 CO. It was concluded that the 2-mm H_.CO emission

2

results from neutral particle impact, most likely with H, molecules.

2
The H2 density required to produce the ~ 7 K emission has been
estimated to be ~ 2 ¥ 10'5 cm_3, corresponding to a total mass in the

central region of the Kleinmann- Low nebula of ~ 230MO' This high

density also implies an optical extinction of about 200 magnitudes.

The 140.8-GHz line was also observed in five other sources:
Sgr A (NH3A), W3(OH), W51, DR 21 (OH) and Ori B. The velocities
and widths of the 140.8-GHz line are iﬁ agreement with those of the
millimeter lines of CS and HCN observed in the fi.rst four of these

sources. Since the densities required to excite the millimeter lines



in these three molecules are comparable, this supports the conclusion

that the excitation of these transitions is collisional.

Weak absorptién from the 6-cm HZCO line was observed over
most of the Orion Nebula. The line strength shows a negative cofre-
lation with continuum intensity and at the fringe of the Orion Nebula it
is more intense than the continuum, indic ating that "anomalous' ab-
sorption, similar to that found by Palmer et al. (1969) in dark
clouds, is being observed. In the direction of the Kleinmanh-Low
- nebula the line appears self-reversed, providing observational evi-
dence that at very high density the pumping process breaks down,
and that we may, in fact, be observing 6-cm emission. This break-
down of the pumping mechanism is expected if the mechanism is radi-

ative.

The combination of the 2-mm and 6-cm observations has
yielded further information on the nature and location of the Klein-

mann - Low nebula. The observations strongly suggest a cloud
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located behind the H II region and extending on all sides beyond the

visible portions of the nebula. The central portion of this nebula
is of high density and appears to contain the OH emission source,
the IR nebula and the IR star, which is probably the central éonden-

sation of the cloud (Penston, Allen and Hyland 1971).
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The J = 3 - 2 transition of silicon monoxide was detected in the
direction c;f Sgr B2 at a frequency of 130.4 GHz. The observed line
is nar.rower than previously oBserved molecular lines in this source,
but the width is in agréement with that of other millimeter lines
. found in Sgr B2. This was taken to support the conclusion that
these millimeter transitions are collisionally excited and that the

lines are most visible in regions of high density.

Perhaps the most significant conclusion reached in this disser-
tation is that tﬁe millimeter wavelength emission lines of HZCO and
».presumably those of similar molecules, result from neutral particle
impact, most plausibly with hydrogen molecules, in regions where
- the density and extinction are extremely high. Tt is therefore ex~
pected that these millimeter lines will be particularly useful in the

study of these dense regions.

Finally, these obs erva.tion_s provide a number of suggestions for
vfuture work. The accurate determination of_ the relative intensities of
the three 2-mm HZCO lines, usingA cali.bration spectra, would yield in-
formation on the pumping mechanism and the ortho - para ratio, the
lafter being related to the temperature of formation of the formalde-
hyde. The use of an antenna with a higher angular résolution at 6-cm

‘than the 140-foot telescope to observe the 6-cm HZCO line in the dir-

ection of the Kleinmann ~ Low nebula could confirm the interpretation of
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the self-reversed feature observed there as 6'-cm formaidehyde emis-
sion. Also, a search for ;che' 2-cm HZCO line in Ori A would be
important. If this line were found, we would then have, from one
region, observations of the four allowed transitions connecting the
four lowest ortho - HZCO levels. Finally,v finding the J = 4- 3 SiO

transition would confirm the discovery of SiO and would yield more

information on the excitation of _this molecul e.
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APPENDIX A

KITT PEAK RECEIVER CALIBRATION

The receiver was calibrated at least as oftén as every two
hours and whenever a new source was ‘acquired. This .was accom-
plished by alternately viewing "éold” sky at the same elevation angle, 6,
as the bs.o‘urce, and either a room temperature absorbed placed in front
of the feed horn, or noise from a breakdown diode injected 'into the

" receiver via a directional coupler (Figure 2). These» calibration sig-
nals are obvioﬁsly broad band, and enter the receiver through both the
signal and the image sidebands. Let g, and g be the respective mixer
gains. for these two sidebaﬁds, and let f - gs/(gs+gi). Then this
calibration procedure:is equiva‘lent to injecting into the signal side-

band only radiation at a temperature

L To Ty® - .
CAL ~ f )

where TSKY(O) is the "cold'" sky temperature and was determined
from antenna tipping (see Appendix B) and. TO is thé temperature of
the absorber or noise source. The ma.j.or calibratién problem comes
from the fact tha£ the mixer response in the two. sidebands is not
_in general the same, being sensitive to the tuning of the mixer.

Therefore, f is not precisely known; repeated line observations in

a given location indicate that it may vary by as much as 25%.
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Calibration ch_anges at one frequency cén be checked by
periodically remeasuring a line at one location, but unfortuﬁately, -
the relative intensities of lines at different frequencies and the
“absolute intensity of any line can currently be determined only to

within the 25% mentioned above.

A new calibratioﬁ method is currently being tested. Calibra-
tion spectra will be obtained frorﬁ cells, containing samples of the
molecule under investigation. The uée of calibration spectra, well-
. known in optical astronomy, has the obvious advantage in this case

that the calibration signal enters only through one sideband.
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APPENDIX B

CORRECTION FOR ATMOSPHERIC ATTENUATION

B1. Theory

At a wavelength of 2 mm, atmospheric attenuation, mainly
by water vapor, is significant. Correction for it is made on the
assumption that the absorption occurs in a plane parallel layer at

constant témperature, T and that the optical depth looking

AT’

through the atmosphere at an elevation, 8, is
T(8) = 1 csce : (B1)

where To is the zenith opacity. Then,if the true line temperature.
is TL, the observed line temperature will be
-7 cscd

T = T._e . A (B2)

To find T, consider the following:

If the antenna is pointed at ''cold'" sky the antenna

temperature is

) -7(8) -1(8) '-
TA(e) = TAT(l - e )+ TBe + TG(G). v (B3)

where TB is the background temperature and is much less than

TAT’ and 'I'G(e) is ground radiation entering through side lobes, so
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o -Tocsc 5 »
TA(G) - TG(G) %TAT(l - e . (B4)

If we look at two elevations, ©

1’ and 82, we have

TAT - TA(el) + TG(el) . e- T, (csc GZ-CSC 91) 55
Tar = TAB) + Tg6y)
or
-1 Tar- TA(el) * TG(el)
Ty = cscez-csc 91 on T T ) T.(6) (B6)
. AT A 2 G 2
B2. Antenna Tipping

The antenna was pointed at ''cold" sky at a number of eleva-
tions and the total power was recorded. To calibrate the total power
scale two loads were placed in front of the feed, one at the am-

bient temperature and the other dipped in liquid nitrogen.

Specification of 'I‘G(e) requires detailed knowledge of the
side lobe pattern which was not available. However, from the

tipping data, T, appears to vary fram about 25 K to 40 K, so it

G

has been assumed that TG = 30 K for all angles, which may intro-

duce an error of at most 10 K. For comparison angles not too

close together an uncertainty in T, of 10 K would produce an

G

uncertainty in 1 of about 0.003. (For typical values of 7_ this
Yy o yp o

is a 5% error.)
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For an error At, in the determination of To,the resulting

error in the derived value of T_ for any observation is given by

L
—_— = ATo csc .6 ' (BT)

so for 8 > 20°, an error of 0.003 in To would cause an error in

‘TL of at most 1%.
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APPENDIX C

LINE BR.OADENING BY THE FILTERS

The effect of the finite width of the filters on the observed
linewidths can be estimated by assuming that both the filter passbands
and the actual line shape are gaussian with FWHM of o and OL )

fespectively. Then the observed line will also be gaussian with a

width a, given by

o =4 g +o . ' (C1)

Since the actual width of the line is less than the observed width, the
actual maximum intensity must be greater than that observed, i.e.,

if T, is the observed intensity then the actual intensity is given

by

T, = —— . | (c2)
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TABLE 1. H

CO LINE REST FREQUENCIES -

{2) Nerf (1972).

2
ISOTOPIC TRANSITION REST REFERENCE .
SPECIES FREQUENCY '
(MHz)
u. %co 1., -1 4829. 65996 £0. 00005 1
2 117 710 ) ="
212 - 111 140839. 53 +0.03 2
211 - 110 150498. 36 +£0.03 2
202 - 191 145602. 97 +0.03 2
H 13CO- 2 1 137449. 97 0.03 2
2 127 tn . £0.
211 -“4.10 146635, 69 iO".03 2
202 - 101 1}1983. 75 +0. 93 2
References: (1) Tucker, Tomasevich and Thaddeus (1970).
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TABLE 22 SUMMARY OF 2-MM FORMALDEHYDE OBSERVATIONS
o IN THE ORION NEBULA

Lq;aﬁon . 14(_)‘3 GHz Tus.(:’ GHz . 150. 3 GHz
on A | 'LSR A | VLsR A | 'Lsr
Map a(1950) 5(1950) (® K)|{km/sec) (> K)|(km/sec) (¢ K) |{km/sec)
5P 32™ 52.9%| -5° 23%54.4°| 0.9 | 8.0
5 32 50.9 | -5 2354.4| 1.9 8.5 1.1.| 7.5 0.7 —
5 32 50.9 | -5 2424.4| L.1]| 9.5
5 32 50.9 | -5 2454.4| L2]| 9.0
5 32 50.9 | -5 2524.4| 1.0 | 8.5
5 32 50.9 | -5 2624.4 [<0.5 | —
5 32 48.9 | -5 2354.4 | 2.4/ 8.0 1.6 9.5
5 32 48.9 | -5 2524.4 2.1 8.5
A 5 32 46.9 | -5 2254.4| L4| 8.5 0.7 | 9.0 1.8| 8.5 .
5 32 46.9 | -5 2324.4|2.5| 9.5 '
‘B 5 32 46.9 | -5 2354.4 ) 3.0 8.5 1.5 | 9.5 2.6 | 8.5
5 32 46.9 | -5 2424.4 (3.6 8.5
5 32 46.9 | -5 2454.4 | 2.6 | 8.0 2.4 | 8.0
c! 5 32 46.9 | -5 2524.4 ] 2.8 7.5 1.9] 7.5 27| 1.8
5 32 46.9 | -5 2554.4|3.1| 7.0 :
5 32 46.9 | -5 2624.4 | 2.1| 7.5 16| 7.5
532 46.9 | -5 2654.4 | 1.5 | 8.0 '
5 32 44.9 | -5 2354.4 [ 16| 8.0 2.4 8.5
5 32 .44.9 | -5 2524.4 | 1.9 7.5
5 33 42.9 [ -5 2354.4 | 1.5 7.5
5 33 42.9 | -5 2424.4 | 1.2 | 8.0
5 33 42.9 | -5 2524.4 | 1.0 | 8.0
5 32 40.9 | -5 2354.4 | 1.2 | 8.5
5 32 38.9 | -5 2354.4 1.0 |.8.5

*
Upper limit TA < 0.1K obtained at this position for the 137.4-GHz H213CO line,

t Upper limit T

A

< 0.2 K obtained at this position for the 146, 6-GHz H

13
2

CO line.
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TABLE 3.

140. 8 GHz HZCO NEGATIVE RESULTS

Velocity Integration Upper Limit
Range! Time on T, (K)*
Object a{1950) 8(1950) {km/sec) (min)
w3 2P23™M 165 £1038°55" -110 to +16 15 L1
2 23 16 61 3955 5 1.1
2 23 16 61 3755 : 5 1.3
2-23 20. 61 3855 10 10
7 2 23 12 61 3855 10 1.0
Taurus Cloud'}! 4 29 46 24 1732 .- 58to +68 20 0.6
" 4 29 16 24 1732 . _ 20 0.7
Cloud 2 4 38 27 251747 - 58to+68 . 30 0.6
. Horsehead 5 38 39 - 22801 - 54to+72 S 10 0.9
NGC 2024 539 13 - 15518 - - 54to+72 40 - 0.6
Sgr A 17 42 26 -28 5647 + 37to+163 45 0.7
Sgr B2 - 17 44 10 -282247 - lto+lzs = 20 0.5
M17 - 18 17 34 -16 1231 - 40 to +86 45 0.8
w49 19 07 59 9 0006 - 53 to+73 5 0.9
19 07 S5 9 00 06 5 1.4
19 07 51 9 0006 5 1.5 -
19 07 47 9.00 06 5 1.3
19 07 43 9 0006 5 1.1
19 07 39 9 0006 5 ‘1.4
19 07 35 9 0006 3 1.5
19 07 59 8 5906 5 1.6
19 07 55 8 5906 5 1.6
19 07 51 85906 _ s 1.5
19 08 47 9 0045 _ . 20 1.1
19 08 47 9 01 45 - 5 1.2’
19 08 47 8 5945 5 1.4
19 08 51 9 0045 5 1.2
19 08 43 9 0045 [ 1.5
w51 19 22 28 142316 + 1to+127 5 1.1
19 22 32 14 2416 . 5 1.3
19 22 24 14 2416 5 1.5
19 22 30 14 2905 5 1.0
DR21 20 37 12 42 0912 - 68 to +58 20 2.0

O

# Corresponds to 4 standard deviations of the noise.

t In the local standard of rest.
(1) Regions of anomalous 4. 83 GHz absorption



TABLE 4. -

140. 8 GHz EMISSION IN OTHER SOURCES

t
. Visr | A&
Source @ (1950) 5(1950) TA(°K) {km/sec) | (km/sec)
W3(OH) 2P 23 09° | +61°39'00" | 0.3 -45.5 9
2 23 17 +61 38 00 0.5 -47.5 10
—] 2 23 17 +61 39 00 0.8 -48.0 7
2 23 17 +61 40 00 0.3 -50.5 10
2 23 25 +61 38 00 0.3 -50.5 7
2 23 25 £61 39 00 0.3 -50.0 12
Ori B 5 39 12 -1 55 42 1.0 9.0 4
SerA(NHA) [17 42 28.0| -29 0130 0.8 +19.0 24
ws1 19 21 23 | +14 24 30 0.8 +59.4 9
19 21 27 +14 23 30 0.6 +55. 4 12
—|19 21 27 +14 24 30 1.5 $53.4 11
19 21 27 | $142530 | 0.8 | +52.4 11
19 21 31 +14 24 30 0.5 +52.0 -
DR21(OH) [20 37 11 +42 12 00 1.2 -3.0 8
20 37 14 +42 11 30 0.7 -3.0 1.5
20 37 14 $421200 | 1.5 -3.0 7.5
20 37 14 | 42 12 30 0.5 -4.0 .
20 37 17 +42 12 00 0.4 -3.0 8

*
Arrows indicate location of lines shown in Figure 3,

' Line width at half intensity.
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SUMMARY OF 6-CM HZCO OBSERVATIONS IN ORI A

TABLE 5.

T,..

eas . v .

1:1\21'51::::: a(1950) §(l950) (°K) (kmL/ss]:c) (krnA/':ec) ' (°;()
(1 (2) (3) - (4) (5) (6) {7
1 sP31™ 36,05 _s048700" < 0.15 - - - <0.41%
2 531 36.0 -55400 < 0.15 - - <0.41%
3 5 31 36,0 -60000 ~0.1(?) 9 - <0.41%
4 5 32 00.0 -53600 0.33 8.5 3 <2.4
5 532 00.0 -54200 0.35° 8 .3 <0.41%
6 5 32 00.0 -548 00 0. 36 9 3 < 0.41%
7 5 32 00.0 -55400 0.50 9.5 1.5 < 0.41%
8 532 00.0 -60000 ~0.1 9.5 2 . <0.41x
9 532 22.0 -51600 . 0.1 9 7 <24
10 532 240 -52400  0.16 9.5 & 30
11 5 32 24.0 -53000 0.18 9 5 10
12 5 32 24.0 -53600 0.25 . 8.5 5 <2.4
13 5 32 24.0 -54200 0.48 - 8 4 < 0.41%
14 5 32 24.0 -54800 0.50 . 8 4 <0.41% .
15° 5 32 34.0. -51200 <0.2 - - <2.4
16 532 46.0 -51600  0.15 9 6 3.5
17 5 32 46.7 -52356 ~0.1- See text 87
18 532 48.0 -53000 ~0.05 9 ~ 25
19 532 48.0 -54800 ~0.1 8.5 6 <0.41%
20 5 33 10.0 -51600 0.15 9 - 2.5
21 5 33 10.0 -52200 <0.2 - - 6
22 533 10.0 -52800 <« 0.15 - - 6
23 533 10.0 -53400  0.10 16 5 <2.4
24 5 33 34.0 -51600 < 0.15 - - <2.4
25 533 34,0 -52200 ~0.1 9 ~4 <2.4 .
26 533 53.0 -52200 ~0.1 9 ~4 <2.4

* M. L. Meeks (1971).
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" TABLE 6. SiO in SGR B2
Position 0,(195?) 6{1950) TA(OK). vLSR(km/sec) ‘A v(km/sec)*
1 17" 44 09,65 | _28° 220 250 | 0.7 52 13
2 17 44 05.0 (.28 22 06 |.0.7 47 12
% Full linewidth at half intensity.,
TABLE 7. SUMMARY OF SiO NEGATIVE RESULTS .
: : LSR Velocity R
U Limit-
Source - a(1950) 6(1950) Range e oK)
: (km/sec) A
" Ori A 5P 32™ 46.9% | _50 231 56" -60 to +55 0.4
IRC + 10216 | 9 45 14.8 | 13 30 40 -104 to +80" 0.5
| Sgr A(NH,A) | 17 42 28.0 |-29 01 30 231 to +153 0.4
w51 19 21 27.0 | 14 24 -30 -1 to+l113 0.5
" DR21(OH) |20 37 13.9 | 42 12 00 .58 to +56 0.8
NML Cyg 20 44 33.0 | 39 56 06 -60 to+124 1.2

* Peak-to-peak noise.
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FIGURE CAPTIONS

Figure l: The lowest lying formaldehyde energy levels. The four

transitions reported in this dissertation are indicated.

Figure 2: Schematic diagram of the Kitt Peak receiver. For klystron
| th

frequency stabilization the 2-GHz oscillator (8) is locked to the 20

' | : th

harmonic of the frequency synthesizer (7) and the N harmonic of

this is then mixed with v (The harmonic mixer (10) as well as

‘ LO
. the signal mixer (3) uses Schottky barrier diodes.) This signal is
then compared with fz, and if there is any difference a correction
signal is sent to the klystron (6). Frequency switching is accom-
plished by swi.tching fz between the two 400 MHz oscillators, set at
sig ref

2 .andfz .»

f
Figure 3: The three J =2-1 HZCO lines in Ori A at the location

indicated "C'" in Figure 6.

Figuré 4: Map of 140.8-GHz formaldehyde emission in Ori A, Ob-
servations were taken at an angular separation of 1! with the an-
tenna pointing towards the éentefs of the squares. The observed
antenna temperatures are given in 4a, which also shows the iso-
photes of antenna temperature for the 1. 95-cm continuum radiation
(Schraml and Mezger 1969). Figure 4b shows the location of the
map in 4a with respect to the infrared nebula (Ney and Allen 1969),

the infrared star and OH source, and the trapezium stars. The
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60" half power beam width (HPBW), extrapolated from the HPBW at
115 GHz, is indicated by the solid circle and the 90" upper limit to
the HPBW, obtained from sca.ns across the moon's limb, is indicated

by the dotted circle. (This map was made in October, 1970).

Figure 5: Extended map of 140.8-GHz HZCO emission in Ori A, The
cenéer of each boxvis the direction of observation and each box is
approxirn#tely half a beam width across. The indicated'vertical
scale for the spectra (baseline to top of box) is 5 K in TA' The hori-

zontal scale marks indicate LSR radial velocities of 0, 10, and 20

km/sec. (This map was made in February, 1971).

- Figure 6: C«;'mtour map of 140. 8-GHz HZCO emissién in Ori A, rhade
from the observations shown in Figure 5, $hown in relation to the

IR star of Becklin and Neugebauer (1967), the point source of OH
emis.sion (Raimond and Eliassc;n 1967) and the continuum peak of the

IR nebula. No correction has been made for the beam width of the

antenna.

Figure 7: Map of 150.5-GHz formaldehyde emission in Ori A.

Scales for the spectra are as in Figure 5.

Figure 8: Map of 145.6-GHz para-formaldehyde emission in Ori A.
Vertical scale for the spectra is 3 K in TA and all other scales are

as in Figure 5.
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/ Figure"): P;‘ofiles of 140.8-GHz emission in Sgr A (NH3A),
W3 (OH) and W51, at the locations indicated i»n Table 4. Published
profiles of HCN 88-GHz emission (Snyder andeuhl 1971) aﬁd
HZCO 4.83-GHz absorption (Zuckerman et al. 1970), not drawn to

the same intensity scale, and inverted in the case of 4.83 GHz, are

shown for comparison,.

Figure 10: Map of 140. 8-GHz formaldehyde emission in W51.
Each box is approximately a beamwidth in size. The vertical scale

for the spectrais 2 Kin T The horizontal scale marks indicate

K
LSR velocities of 40, 50 and 60 km/sec.

Figure 11: Map of 140, 8-GHz formaldehyde emission in W3 (OH).
Each box is approximately a beamwidth in size. The vertical

scale for the spectrais 1K in T The horizontal scale marks

A
indicate LSR radial velocities of =40, -50 and -60 km/sec.>

Figure 12: Photograph of the Orion Nebula showing the locations
of the 6-cm observations, the circles being roughly the size of the
HPBW (6'). The T, = 2.5and 1.0 K contours of 2-mm emission

(Figure 6) are shown in location 17, the location of the 6-cm

continuum peak and the IR nebula. (Lick Observatory photograph.)
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Figure 13: Map of the 6-cm line profiles. The center of each box
is the direction of observation, and ea;:h box is approximately the
size of the antenna beamwidth. The full vertical scale of the spec-
tra is 0.8 K in ‘TB’ unless indicated by X2 or X4, where itis
respectively 0.4 and 0.2 K. The three horizontal scale 'rparks in-

dicate LSR radial velocities of 0, 10 and 20 km/sec.

Figure 14: Comparison of the 6-cm and the 2-mm line profiles in
the direction of the IR nebula, location 17. The 6-cm profilé is an
enlargement of.that in Figure 13 and represents a total integration
of 420 min. The wide 2-mm profile is the obser.ved 140. 8-GHz=z
line shown in Figure 3; the narrow one is a reconstruction of ac-
tual width of this line made by assuming that both the unfiltered line
and the 2-MHz filters in the receiver are Gaussian in shape (cf.

Appendix C).

Figure 15: The J = 3 - 2 transition of silicon monoxide in Sgr B2 -
position 1 in Table 6. The radial velocity and frequency scales are
with respect to the local stanciard of rest. Observations were made
on. 27 April 1971. Only 35 channels are shown, since two sets of

data, taken with. the receiver frequency shitted by 5 MHz, have been

added together.
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